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Introduction
When a well killing operation is initiated in an empty gas-drilled well, an empty hole (wellbore) of gas phase is initially formed. A high-density killing fluid is then injected into the wellbore, resulting in the gradual formation of a fluid column [1] . The flow within the wellbore annulus eventually evolves into a gas-liquid two-phase transient flow, with a gradual increase of the bottom-hole flowing pressure (BHFP) and a gradual decrease in the gas production from the formation. The injection of the killing fluid induces a coupling effect between the gas-liquid two-phase flow through the wellbore annulus and the gas seepage through the formation [2, 3] . However, a well-established theory and complete numerical simulation method for this effect have not been developed so far. Existing theories on gasliquid two-phase flow in a wellbore mainly comprise steady-state theories developed with the THERMAL SCIENCE: Year 2019, Vol. 23, No. 4, pp. 2297-2306 assumption of a constant volume of the gas-liquid mixture. Many factors vary dynamically over the duration of a well killing operation [4] [5] [6] . In this study, we developed a method for computing the coupling between the transient formation gas flow and the gas-liquid twophase transient wellbore flow during the killing of an empty gas-drilled well. The proposed method can be used to determine the optimal parameters for successful killing of an empty gas-drilled well.
Transient formation gas production rate in changing intermediate conditions

Transient distribution of formation pressure
Distribution of formation pore pressure near borehole wall under Darcy seepage
Darcy's PDE of transient radial seepage is expressed [7]: 1 ,
where p [MPa] is the formation pore pressure, φ -the porosity, μ [mPa·s] -the fluid viscosity, C t [MPa -1 ] -the fluid compression coefficient, and K [mD] -the permeability. The initial condition and the outer and inner boundary conditions are p| t=0 = p 0 , p| r→r e = p 0 , and p| r=r w = p w , respectively [8] , where p w [MPa] is the annular pressure and p 0 [MPa] -the original formation pressure. Equation (1) can be discretized using Taylor's series expansion:   1  1  1  2  1  1  1  1  1  1  w  2  2   2  , , ,
The distribution of the pore pressure at any time and location (j, i) is obtained:
Distribution of pore pressure near borehole wall under high-velocity non-Darcy seepage
This distribution is expressed [9]:
where
The initial condition and the outer and inner boundary conditions are p| t=0 = p 0 , p| r→r e = p 0 , and p| r=r w = p w , respectively. The same method applied to the Darcy seepage can be used for the differential discretization of the equation to obtain the differential pressure distribution:
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and σ is Darcy's correction factor.
Calculation of gas production rate
In the condition of Darcy seepage, the gas production rate is given by:
In the condition of non-Darcy seepage, the production rate is given by: 
is the pressure generated at the differential element boundary [10] , p wf (t) [MPa] -the BHFP, Q gs (t) [m 3 d -1 ] -the gas production rate in standard conditions, A and B -the Darcy and non-Darcy seepage coefficients, respectively, K [mD] -the formation permeability, µ g [Pa·s] -the gas viscosity, T [K] -the formation temperature, h [m]the thickness of the penetrated gas layer, r w and dr [m] -the well diameter and differential element boundary thickness, respectively, and γ g [-] -the relative density of the gas.
Variation of gas-liquid two-phase transient flow during killing of empty gas-drilled well
Control equation for gas-liquid two-phase transient flow in wellbore
The following equation applies to a gas-producing layer [11] : 
The fluid-phase continuity equation can be expressed:
The momentum equation is:
Calculation of height of fluid surface
At the initial time of the injection of killing fluid into the bottom hole, the initial gas content is obtained and the height of the fluid column in the first second is calculated. Then the flow patterns are classified, and the pressure gradient and BHFP are determined to obtain the initial BHFP and the corresponding gas production rate. The gas contents for the various classified flow patterns can be used to calculate the gas content for every step size before superimposition. The calculated gas content divided by the number of steps gives the average fluid content in the entire wellbore. Finally, the volume of the gas-liquid two-phase mixture is obtained. The height of the moving fluid surface can be determined according to the average area of the wellbore annulus [12] .
For every 1 m step, the volume of the gas-liquid two-phase mixture can be numerically determined using:
where The height of the moving fluid surface is calculated using:
where n is the number of changes in the cross-sectional area of the wellbore annulus between the bottom hole and the moving fluid surface, starting with 0 at the bottom hole, k -the k th change in the cross-sectional area of the wellbore annulus, counted from the bottom hole, A [m 2 ] -the area of the annulus, and h(k) [m] -the wellbore length at the k th change in the cross-sectional area.
Obtaining dynamic pressure profile of wellbore annulus
A method for evaluating the gas-liquid two-phase transient flow during the killing of an empty gas-drilled well was developed in this study, fig. 1(a) . Following is a description of the procedure: The flowchart for the formation-wellbore coupling process is shown in fig. 1(b) [13] .
Figure 1b. Flowchart of the formation-wellbore coupling process
Numerical example
Formation parameters: The thickness of the production layer is 2 m, the formation pressure is 60 MPa, and the permeability of the production layer is 5 mD.
Construction parameters: The wellhead back pressure is 10 MPa, the pump displacement is 60 L/s, the density of the killing fluid is 1.4 g/cm 3 , and the viscosity of the killing fluid is 30 mPa·s. The casing dimensions and depth parameters of its insertion are listed in tab. 1, while the BHA parameters are listed in tab. 2. 
Numerical simulation results
The variation of the gas production rate with the killing time is shown in fig. 2(a) . The decrease in the internal gas production was minimal during the first 10 minute, but became noticeable thereafter until 30 minute of the operation. The variation of the BHFP is shown in fig.  2(b) . The BHFP was initially 18.2 MPa and limitedly increased during the well killing operation to 31.8 MPa, far less than the formation pressure of 60 MPa. As can be observed from fig. 2(c) , the height of the fluid column continuously increased with the injection of the killing fluid. It can be seen that, when the proposed construction parameters were employed, the flow pattern within the wellbore annulus was that of an annular mist flow. When the killing fluid reached the wellhead, the BHFP was still lower than the formation pressure and the formation gas production rate remained high. The well killing was thus unsuccessful in the prescribed conditions.
Effect of varying wellhead back pressure
With increasing killing time, the gas production rate continued to decrease until it was 0 at 42 minutes, fig. 3(a) . The 5-MPa increase in the wellhead backpressure led to a 11.5 MPa increase of BHFP, fig. 3(b) . The height of the moving fluid surface gradually increased from 0 with the injection of the killing fluid, fig. 3(c) . The height of the moving fluid surface eventually increased steadily but drastically dropped at 42 minutes for a short moment. The BHFP and the formation pressure were balanced at 42 minutes, as shown in fig.  3(d) . After 42 minutes, the formation no longer produced gas, resulting in the flow within the wellbore annulus becoming similar to a pure fluid flow. This flow pattern was maintained until the killing fluid reached the wellhead, indicating a successful killing of the well.
Effect of varying pump displacement
The parameter changes caused a gradual decrease of the gas production rate as the killing fluid entered the wellbore annulus, fig. 4 (a). Figure 4 (b) shows that there was significant fluctuation of the BHFP between 40 and 52.6 minutes and the BHFP became equal to the formation pressure at 72 minutes. In fig. 4(c) , the height of the moving fluid surface increased continuously with the injection of the killing fluid into the wellbore annulus. As shown in fig.  4(d) , at least four different flow patterns occurred with respect to the variation of the aforementioned construction parameters. The previous analysis reveals that successful well killing requires an increase of the wellhead backpressure to 15 MPa, and a decrease of the pump displacement from 60 L/s to 35 L/s. This shows that the wellhead backpressure is critical to a successful well killing operation.
Effect of varying density of killing fluid
A good correlation was observed between the gas production rate, fig. 5 (a) and the BHFP, fig. 5(b) . During the period when the BHFP significantly increased, there was a large increase in the formation gas production rate. Further, fig. 5(c) shows that the height of the moving fluid surface rapidly increases during the initial period of the well killing. Eventually, as the formation pressure stabilized, the height of the moving fluid surface significantly dropped. The distribution of the flow patterns within the wellbore is shown in fig. 5(d) . As can be seen from the figure, the agitated flow occupied the entire wellbore annulus at the beginning of the well killing operation. With progressive injection of the killing fluid, the fluid column increased in length, while the gas production rate from the formation decreased. 
Optimal combination of key construction parameters
The proposed numerical calculation method was applied to a section of Well X in the fourth drilling stage. The obtained results are shown in fig. 6 .
For a given killing fluid density, the wellhead back pressure required is inversely proportional to the displacement. For a constant displacement, it is necessary to significantly increase the density of the killing fluid when the wellhead back pressure is decreased. If the wellhead back pressure drops, the well killing operation may not succeed even if the killing fluid is in a high density.
Conclusion
Gas drilling and well killing involve the coupling of the transient seepage from the formation and the gas-liquid two-phase transient flow within the wellbore annulus, as well as the gradual establishment of a killing fluid column. This paper proposed a method for killing an empty gas-drilled well through the coupling of the transient seepage from the formation and the gas-liquid two-phase transient flow within the wellbore annulus. The proposed method can be used to determine the key dynamic parameters of the killing operation. To ensure successful well killing, it is necessary to determine the optimal combination of the key construction parameters, among which the wellhead back pressure is particularly critical to successful well killing.
